Docket No.: 98-2163P 



IN THE UNITED STATES PATENT AND TRADEMARK OFFICE 



APPLICANT: 



Moussy, Francis et al. 



SERIAL NO.: 



10/066,393 



Group Art Unit: 
3738 



FILED: 



January 31,2002 



Examiner: 



FOR: 



APPARATUS AND METHOD FOR 
CONTROL OF TISSUE/IMPLANT 



P. Prebilic 



DECLARATION UNDER 37 CFR 1.132 



Commissioner for Patents 
P.O. Box 1450 
Alexandria, VA 22313-1450 

Dr. David C. Klonoff, declares and says that: 

1 . I am presently a Clinical Professor of Medicine at University of California 
at San Francisco. I have about 25 years of experience in the fields of diabetology and 
endocrinology and about 10 years of experience in the field of implant technology, 
minimally invasive glucose monitoring technology, and bioengineered solutions to 
glucose monitoring], A copy of my Curriculum Vitae is attached herewith to list my 
education and professional experiences. 

2. I am familiar with the subject matter of above-referenced U.S. patent 
application, specifically apparatus and methods for controlling interactions between 
tissue and implants, such as implantable devices or biosensors. 
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3. I have read and understood the patent application, and I have read and 
understood the Examiner's Office Action dated August 2, 2006, U.S. Patent No. 
6,143,037 to Goldstein et al., and U.S. Patent No. 5,945,446 to Laub. 

4. There has been a long felt need in the art for the development of 
biosensors that can be implanted and maintain their function over time, e.g. 12 or more 
months. For example, long-lasting in vivo glucose biosensors are believed to be critical 
in the pharmacotherapy and management of diabetes. However, no satisfactory in vivo 
devices have been developed after more than 20 years of intensive research. 

5. Efforts to develop long-lasting in vivo biosensors have been focused on 
two fronts with respect to coating technology: the development of coatings that resist bio- 
fouling and the controlling of inflammatory reactions through the addition of tissue 
response modifiers. For example, see Wisniewski et al., in J. Biomed. Mater. Res., Vol. 
57, 2001, p. 513 (attached hereto as Exhibit 1). 

6. Despite numerous research efforts by the scientific community, no 
implantable device has been developed that can provide reliable analyte measurements 
for longer than a few days upon in vivo implantation. As indicated in the study by 
Wisniewski et al. prior art implant coatings showed significant declines in glucose flux 
after 8 days in rat subcutaneous tissue, indicating that the coatings became significantly 
less permeable to the analyte. Id at p. 520. 

7. The implants as presently claimed provided unexpectedly good 
permeability on the diffusion of small molecule analytes. This unexpectedly good 
improvement of analyte permeability is achieved using a combination of a crosslinked 
bioactive polymer, a polyacid, and microspheres that are different from the polyacid. 
The crosslinked bioactive polymer functions to minimize protein adsorption of the 
implanted device thus reducing bio-fouling. (Specification, p. 8, lines 14-15). In 
addition, it has minimal impact on the diffusion rates of small molecules such as glucose. 
(Specification, p. 8, lines 29-30). 
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8. It has also unexpectedly been found that zero-order sustained drug 
release profiles can be obtained using a combination of a crosslinked bioactive 
polymer, a polyacid, and microspheres that are different from the polyacid, as 
shown in Figure 9 of the Specification. 

9. Because of the unexpectedly good permeability of the coatings 
relative to small molecules and the zero-order drug release profile, the presently 
claimed implants are particularly well-tolerated in vivo and remain permeable to 
various analytes, e.g., glucose, for up to one month after in vivo implantation. 
The presently claimed implants represent a breakthrough in the filed of 
implantable device research, because the scientific community has been trying to 
overcome in vivo device failures due to tissue inflammatory reactions and bio- 
fouling without success for over 20 years. 

10. I declare that all statements made herein of my own knowledge are true 
and that all statements made on information and belief are believed to be true; and further 
that these statements were made with the knowledge that willful false statements and the 
like so made are punishable by fine or imprisonment, or both, under Section 1001 of Title 
18 of the United States Code and that such willful false statements may jeopardize the 
validity of the patent. 

Date: March 5, 2007 




Name: David C. Klonoff, M.D., FACP 
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CURRICULUM VITAE 

DAVID CHARLES KLONOFF, M.D., F.A.C.P. 

Medical Director, Mills-Peninsula Diabetes Research Institute 
100 South San Mateo Drive, Room 3128 
San Mateo, California 94401 

Phone 650-696-4260 /Fax 650-696-4269 
e-mail klonofd@sutterhealth.org 

SUMMARY 

David C. Klonoff, M.D., F.A.C.P. is an endocrinologist who is working to apply science and engineering to fight 
diabetes. Dr. Klonoff is a Clinical Professor of Medicine at UC San Francisco and founding Editor-in-Chief of the 
peer-reviewed journal, Journal of Diabetes Science and Technology. He is Medical Director of the Dorothy L. and 
James E. Frank Diabetes Research Institute of Mills-Peninsula Health Services in San Mateo, California. Dr. 
Klonoff has authored over 90 publications. He is interested in the pharmacology of diabetes drugs, insulin delivery 
technology, glucose sensors, artificial pancreas systems, and computerized data management. He has chaired or 
served on grant review panels for National Institutes of Health (NIH), Centers for Disease Control and Prevention 
(CDC), National Aeronautics & Space Administration (NASA), National Science Foundation (NSF), the US Army, 
Juvenile Diabetes Research Foundation International (JDRFI), the American Institute of Biological Sciences, 
University of Michigan, and the Governments of Singapore and Hong Kong. He has consulted for the US Federal 
Trade Commission and the New England Healthcare Institute. Dr. Klonoff was invited to speak at the FDA 
Workshop on Innovative Systems for Delivery of Drugs and Biologies in 2003 and at the FDA Science Forum in 
2005. Dr. Klonoff has also given invited presentations at NIH, CDC, and 14 medical and 3 engineering schools. 
He was named best endocrinologist in San Mateo County by Bay Area Consumer Checkbook. Dr. Klonoff is a 
graduate of UC Berkeley, where he was elected to Phi Beta Kappa in his junior year, and UCSF Medical School, 
where he was elected to Alpha Omega Alpha in his junior year. He completed two years of postgraduate training 
at UCLA Hospital and three years at UCSF Hospitals. Dr. Klonoff founded the Diabetes Technology Meeting (the 
second largest scientific diabetes meeting in the US) and the Clinical Diabetes Technology Meeting. He chaired 
the JDRFI / NASA Bioartificial Pancreas Meeting in 2001, co-chaired the US Army Technologies for Metabolic 
Monitoring (TMM) meeting in 2002, co-chaired the Polish Academy of Sciences Seminar on Biological and 
Biotechnical Treatments of Diabetes in 2003, and chaired the Diabetes Technology Society International Panel for 
Establishment of Performance Standards for Continuous Glucose Monitors in 2005. Dr. Klonoff is currently Chair 
of the Clinical Laboratory Standards Institute Subcommittee on Performance Metrics for Continuous Interstitial 
Glucose Monitoring. Dr. Klonoff was a member of the Planning Committee for the American Diabetes Association 
Scientific Sessions meeting in 2003 and 2004 and the European Society for Artificial Organs (ESAO) Scientific 
Advisory Board in 2004. He is currently a member of the National Space Biomedical Research Institute's Board of 
Scientific Counselors and the U.S. Army TMM Steering Committee. 

PRESENT ACADEMIC AND PROFESSIONAL POSITION 



Clinical Professor, Department of Medicine, 

University of California at San Francisco 1995 - Present 

Editor-in-Chief, Journal of Diabetes Science and Technology 2006 - Present 

Medical Director, Dorothy L. and James E. Frank Diabetes Research Institute, 

Mills-Peninsula Health Services, San Mateo, California 2000 - Present 

EDUCATION 

University of California at Berkeley 

B.S. in Genetics (with Highest Honors) 1968-1 972 

University of California at San Francisco 

M.D. 1972- 1976 
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POSTGRADUATE TRAINING 

Internship: UCLA Hospital 
Los Angeles, California 

Internal Medicine 1976- 1 977 

Residency: UCLA Hospital 

Internal Medicine 1 977 - 1 978 

Residency: University of California at 

San Francisco Hospitals and Clinics 

San Francisco, California 

Internal Medicine 1 978 - 1 979 

Fellowship: Metabolic Research Unit 
University of California at San Francisco 

Endocrinology and Metabolism 1 979 - 1 98 1 

BOARD CERTIFICATION 

Diplomate, American Board of 

Menial Medicine 1980 
Diplomate, American Board of 

Endocrinology and Metabolism 1981 

MEDICAL LICENSURE 

California #G035726 1977 
HONORS/AWARDS 

Phi Beta Kappa (Junior Year) 1 97 1 

UC Berkeley Department of Genetics Citation 1972 

UC San Francisco Regents Scholarship 1972 

Alpha Omega Alpha (Junior Year) 1 975 

Dorothy Lang Frank Diabetes Fellowship 1980-1981 
American Diabetes Association, San Mateo County 

Chapter, Distinguished Service Citation 1981 

Fellow, American College of Physicians 1991 
Cited in "Outstanding Physician Specialists of the 

Bay Area" and rated Best Endocrinologist in San 

Mateo County by Bay Area Consumers' Checkbook 1 994 

Health Hero Award of Mills-Peninsula Health Services 2005 

Physician of the Month, Mills-Peninsula Health Services 2006 

PROFESSIONAL ACTIVITIES 

CALIFORNIA 

UCSF Pharmacy and Therapeutics Committee 1 992 - 1 995 

UCSF Diabetes Center, Campaign Committee 1 994 - 1 999 
Diabetes Prevention Trial - Type 1, Coordinator, Stanford University 

Clinical Center, Northern San Mateo County Satellite Site 1994 - 2001 
Diabetes Coalition of California, established by 

the California Department of Health Services 1 995 - 2000 

Health Plan of San Mateo Comity, Diabetes Consultant 1 996 

UC San Diego, Department of Bioengineering, Faculty Evaluator 2003 



NATIONAL 
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National Institutes of Health (NTH) Chronic Fatigue 

Syndrome Hydrocortisone Trial, Collaborator 
Abt Associates Inc., Centers for Disease Control 

and Prevention (CDC) Chronic Fatigue Syndrome 

Surveillance Project, Physician Review Committee 
Optical Society of America, Annual Meeting Committee 
Gerson Lehman Group of New York, NY, Council of 

Healthcare Advisors, Member 
HealthTech of San Francisco, CA, Consultant on Sensors for Monitoring 

and on Artificial Organs 
American Diabetes Association Scientific Sessions Abstract Reviewer 
US Army Technologies for Metabolic Monitoring Steering Committee 
American Diabetes Assn Scientific Sessions Planning Committee 
National Space Biomedical Research Institute, Houston, TX, 

Board of Scientific Counselors 
JDRFI of New York, NY, Technology Reimbursement Advisory Panel 
A1C Review Panel for Systematic Glycemic Control 
NTH National Human Genome Research Institute, 

International Haplotype Map ("HapMap") Project, Advisor 
New England Healthcare Institute, Cambridge, MA, Consultant 
US Federal Trade Commission, Consultant 

Diabetes Technology Society International Panel for Establishment of 
Performance Standards for Continuous Glucose Monitors, Chair 

Clinical and Laboratory Standards Institute, Subcommittee on Performance 
Metrics for Continuous Interstitial Glucose Monitoring, POCT5, Chair 2006 



1993 - 1996 



1994 
1999 

2000 - Present 



2001 
2002. 
2002- 
2003- 

2003- 
2003 
2004 
2004 

2004 
2006 

2005 



2006 

Present 

2004 

- Present 
-2004 



2006 
■ Present 



INTERNATIONAL 



International Chronic Fatigue Syndrome Study Group, established by 
Centers for Disease Control and Prevention (CDC), Consultant 1993 - 1994 

Polish Academy of Sciences, International Centre of Biocybernetics, 
69 th Seminar on: Technical, biological and bio-technical approaches 
of the diabetes treatment. Recent development and perspectives. 
Warsaw, Poland, Co-Chair and co-author of proceedings summary 2003 

European Society for Artificial Organs, Scientific Advisory Board 2004 



RESEARCH GRANT REVIEWER 



National Institutes of Health (MH), 

Study Section on Biotechnology, Member 1 998 

Grant Review Panel, Member: The Cooperative Multicenter Research 
Network to Test Glucose Sensors in Children with Type 1 Diabetes 2001 
National Aeronautics & Space Administration (NASA) 
Office of Life and Microgravity Sciences and Applications, 
Mail Reviewer 1998 and 200 1 

Study Section on Advanced Technology Development, Member 1 999 

Study Section on Clinical Physiology, Member 2000 
Smart Medical Systems, Panel, Chair 2002 - Present 

International Clinical Research and Medical Technology Panel, Chair 2004 
Centers for Disease Control and Prevention (CDC), 
Division of Laboratory Sciences, 
Study Section on Detection and Monitoring of 

Diabetic Hypoglycemia, Member 1999 
Study Section on Noninvasive Measurement of Micronutrients, Chair 2000 
Juvenile Diabetes Research Foundation International (JDRFI), 

Study Section on Glucose Sensors, Member 1999 
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Study Section on Glucose Sensors, Chair 2000 
US Army 

Technologies for Metabolic Monitoring, Grant Review Panel 2002 - Present 

Medical Research and Materiel Command 

SBIR Phase 1 of OSD02-DH02, Grant Review Panel, Member: 
Non-invasive Transdermal Near- Infrared Glucose Monitors 2002 
SBIR Phase 1 of OSD04-DH02, Grant Review Panel, Member: 
Non-invasive Metabolic Monitor 2004 
National Science Foundation (NSF) 

Site visit team, Atlanta, for the Engineering Research Center at the 
Georgia Tech/Emory Center for Engineering Living Tissues 2004 
University of Michigan, Michigan Diabetes Research and Training Center, 

Pancreatic Islet Encapsulation Pilot Program, Grant Reviewer 2002 
Singapore Science & Engineering Research Council of the 

Agency for Science, Research & Technology, Grant Reviewer 2004 
Hong Kong Special Administrative Region Government 

Innovation and Technology Commission, Grant Reviewer 2005 
American Institute of Biological Sciences, 

Peer Reviewed Medical Research Program, Grant Reviewer 2005 

JOURNALS 

EDITOR-IN-CHIEF 

Journal of Diabetes Technology 2006 - Present 

Diabetes Technology & Therapeutics 1998 - 2006 

EDITORIAL BOARD 

Drag Delivery Technology 2005 - Present 

REVIEWER 

American Journal of Medicine, British Medical Journal, Diabetes Care, 
Journal of Women's Health & Gender-Based Medicine, The Medical Letter 

TEACHING ACTIVITIES 

Attending Physician, Diabetes Clinic, UCSF, 1981-95 and currently 2002 - Present 

Physical Diagnosis for Dentists, School of Dentistry, UCSF 1980 - 1982 

Section Leader, Physiology 101, UCSF 1988 - 1990 

Preceptor, Medicine 1 60.04, UCSF 1 994 

Preceptor for Nurse Practitioner Program, School of Nursing, UCSF 1998 - 1999 

PREVIOUS PROFESSIONAL POSITIONS 

Consultant, Comprehensive Medical Clinic "A", 

Department of General Internal Medicine, UCSF 1979- 1981 

Consultant, School of Dentistry, UCSF 1980- 1982 

Associate, Department of Medicine, UCSF 1981 

Clinical Instructor, Department of Medicine, UCSF 1981 - 1986 

Assistant Clinical Professor, Department of Medicine, UCSF 1986 - 1990 

Associate Clinical Professor, Department of Medicine, UCSF 1990 - 1995 

Acting Assistant Director, Diabetes Clinic, UCSF 1992 - 1993 

Assistant Director, Diabetes Clinic, UCSF 1 993 - 1 995 
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Co-Director, Diabetes Symposium Series, UCSF 1996 - 1998 

Director, Diabetes Symposium Series, UCSF 1999 - 2000 

PROFESSIONAL SOCIETIES 



American Diabetes Association 
European Association for the Study of Diabetes 
UCSF Faculty/ Ahrarni Association 
Associated Students UCSF School of Medicine, 

Student Body President 
San Mateo County Medical Society 
American Association for Chronic Fatigue Syndrome 
Diabetes Technology Society, Chief Scientific Officer 



1981 - Present 
2003 - Present 
1981 - Present 

1974^1975 
1981 - Present 
1996 -Present 
2001 - Present 



HOSPITAL STAFF PRIVILEGES 



Mills-Peninsula Medical Center - Burlingame, California 

Seton Medical Center - Daly City, California 

UCSF Hospitals & Clinics - San Francisco, California 

San Mateo County General Hospital 

Peninsula Hospital - Burlingame, California 

Mills Memorial Hospital - San Mateo, California 



1996 -Present 
1981 - Present 
1981 - Present 
2002 - Present 
1981 - 1996 
1981 - 1996 



SYMPOSIA DIRECTED 



UCSF: New therapy for diabetes 1 996 

UCSF: New technology for living with diabetes 1 996 

UCSF: Preventing diabetic complications 1997 

UCSF: Management of Diabetes in children 1998 

UCSF: Research brealcthroughs in diabetes 1999 

Mills-Peninsula: Chronic Fatigue Syndrome Exercise Class 1997 - 1998 
Mills-Peninsula: Annual Diabetes Symposium for patients and families 2001 - 2006 



SCIENTIFIC MEETINGS ORGANIZED 



Mills-Peninsula / CDC / NASA / Juvenile Diabetes Research 
Foundation International / UC Berkeley Department of 
Bioengineering: The First National Diabetes Technology 
Meeting, San Francisco, California 2001 

Juvenile Diabetes Research Foundation International / NASA: 
The Bioartificial Pancreas, Arlington, Virginia 2001 

ADA/UCSF/Mills-Peninsula Health Services 
The Sixteenth Northern California Diabetes Symposium, San Francisco 2002 

Diabetes Technology & Therapeutics /CDC / NASA / UC Berkeley 
Department of Bioengineering / Georgia Tech/Emory Center for 
the Engineering of Living Tissues / Technologies for Metabolic Monitoring 



Joint Program / Diabetes Technology Society 

Second Diabetes Technology Meeting, Atlanta 2002 

Workshop on: New Therapy for Diabetes 2002 

Workshop on Calibration of Continuous Glucose Sensors 2002 

Third Diabetes Technology Meeting San Francisco 2003 



Workshop on: Connectivity Standards Utilizing Computers for Analyzing 
Data from Blood Glucose Monitors and Insulin Delivery Systems 2003 
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Workshop on: Use of Technology for Clinical Practice 2003 

Fourth Diabetes Technology Meeting, Philadelphia 2004 

Workshop on Reimbursement Strategies for Diabetes Technologies 2004 

Workshop on defining accuracy hi blood glucose monitors 2004 

Workshop on treatment of diabetes and its complications 2004 

Fifth Diabetes Technology Meeting, San Francisco 2005 

Workshop on Business and Diabetes 2005 
International Workshop for Establishment of Performance 

Standards for Continuous Glucose Monitors 2005 

Workshop on Technology for Weight Mgmt in T2DM and Obesity 2005 

Sixth Diabetes Technology Meeting, Atlanta (pending) 2006 
Workshop on Reimbursement Strategies for Diabetes Technologies 2006 

Workshop on Physiology of Interstitial Fluid 2006 

Workshop on Databases and Diabetes 2006 

First Clinical Diabetes Technology Meeting / Diabetes Technology Society 

San Francisco 2005 

Second Clinical Diabetes Technology Meeting, Boston 2006 



MODERATOR AT MEETINGS 

American Diabetes Association, 
63 rd Scientific Sessions, New Orleans 

Pulmonary Delivery of Insulin 

GI complications of diabetes 
64 th Scientific Sessions, Orlando 

Pharmacologic Treatment of Type 2 Diabetes 

Controversies in Glucose Monitoring 

European Association for the Study of Diabetes (EASD) 
40 h Annual Meeting, Munich 
Alternate Routes of Insulin Delivery Poster Session Discussion Leader 2004 

Non/Minimally Invasive Measurement of Physiological Analytes Technology 
Workshop organized by the National Aeronautics and Space Administration 
(NASA) and the Juvenile Diabetes Foundation (JDF), Arlington, Virginia: 
Session on Minimally Invasive Sensing 1 998 

American Association for Chronic Fatigue Syndrome 
Second National Meeting, San Francisco, California: 

Session on Current Treatment Strategies 1996 
Fourth International Meeting, Cambridge, Massachusetts: 
State of the Art in Clinical Studies ^ 1998 



2003 
2003 

2004 
2004 



RECENT PRESENTATIONS. INTERNATIONAL 

European Association for the Study of Diabetes, 

38 h Annual Meeting, Budapest, Hungary 

Satellite Session, "Continuous Glucose Monitoring: Clinical Usefulness 

of the Microdialysis Technique and Other Glucose Sensors" 

Closed Loop Systems - How Long is the Road? 2002 

40 th Annual Meeting, Munich, Germany 

New Technologies for Glucose Sensing and Insulin Delivery 2004 
Satellite Session, Continuous Glucose Monitoring 2004 

41 st Annual Meeting, Athens, Greece 



DAVID C. KLONOFF, M.D., F.A.C.P. Page 7 

Satellite Session, Overview of the Technology and Research on 

Continuous Glucose Monitors 2005 

Polish Academy of Sciences' 69th Seminar of the International Centre of Biocybemetics 
Future perspectives for bio and techno support of the diabetes treatment 
Warsaw, Poland 2003 

European Society for Artificial Organs, Warsaw, Poland 

The Artificial Pancreas ~ 2004 

University of Cambridge, Cambridge, England 

Addenbrooke Hospital, Department of Pediatrics Seminar 

New Technologies for Insulin Delivery 2005 

World Congress on Medical Physics and Biomedical Engineering 

The Artificial Pancreas: a Cure for Diabetes? Seoul, Korea 2006 



RECENT PRESENTATIONS. UNITED STATES 

US Food & Drug Administration (FDA) 
Center for Devices and Radiological Health (CDRH), 
Office of Device Evaluation (ODE) Special Seminar, Rockville, Maryland: 

Advances in diabetes technology 2002 
Workshop on Innovative Systems for Delivery of Drags and Biologies: 
Scientific, Clinical, and Regulatory Challenges, Bethesda, Maryland 
Novel technologies for treatment of diabetes: metabolic monitoring, 
the artificial pancreas, and alternate routes for administering insulin 2003 
Office of Science and Technology (OST) Special Seminar, Rockville, Maryland: 

New technologies for managing diabetes 2003 
1 1 th FDA Science Forum, Washington, D.C. 
Novel technologies for delivering insulin and other peptide drugs 2005 

Centers for Disease Control and Prevention (CDC) 
National Diabetes Laboratory, Seminar, Atlanta, Georgia: 

Noninvasive and minimally invasive blood glucose monitoring 1 999 

Inhaled insulin 1 999 

Bioartificial pancreas 200 1 

New technologies for measuring glucose and delivering insulin 2004 

Continuous Glucose Monitoring 2005 

American Diabetes Association, 
61 st Scientific Sessions, Philadelphia, Pennsylvania 
Session on Glucose Monitoring: 

The future of noninvasive glucose monitoring 2001 
Regional Postgraduate Course, Los Angeles, California: 

Glucose sensors 2001 
62 nd Scientific Sessions, San Francisco, California 
Session on Glucose Monitoring and Sensing 

New Technology for Glucose Monitoring and Sensing 2002 
65 th Scientific Sessions, San Diego, California 
Symposium on Molecular Medicine 

The Artificial Pancreas 2005 



1 st Clinical Diabetes Technology Meeting, San Francisco, California 
Continuous Glucose Monitoring 
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2 Bd Clinical diabetes Technology Meeting, Boston, Massachusetts (pending) 

Benefits and Limitations of Iiitermittent BG, Ale, and Ketone Testing 2006 

Juvenile Diabetes Research Foundation International / NASA: 
The Bioartificial Pancreas, Arlington, Virginia 
Overview of the Bioailificial Pancreas 2001 

Transplant 2001, The Second Annual Joint Transplant 
Meeting of the American Society of Transplant Surgeons 
and the American Society of Transplantation, Chicago, Illinois: 
Session on Bioartificial Organs: Bioartificial pancreas 2001 

US Army Technologies for Metabolic Monitoring Joint Program, 
The Future of Metabolic Monitoring of Glucose: Identifying 
Complementary Measurable Parameters, Arlington, Virginia 

The diabetes need for metabolic monitoring: technologies that 
are currently available and what the future might hold 2002 
Current Progress and Future Directions, Philadelphia, Pennsylvania: 

Military and industrial activities 2004 

Committee on Military Nutrition Research (CMNR), Food and 

Nutrition Board, Institute of Medicine, 
Workshop on Metabolic Monitoring for Military 
Field Applications, Brooks Air Force Base, San Antonio, Texas 

Technologies for Measuring Glucose and Lactate 2003 

The Children's Diabetes Foundation at Denver / University of Colorado 
Practical Ways to Achieve Targets in Diabetes Care, Keystone, Colorado 

Hypoglycemia and alternate site testing 2005 
Glucose sensors in achieving target Al C 2005 

Glucose Monitoring and Control Meeting, La Jolla, California 
Organized by the U.C. San Diego Department of Bioengineering 
Hazards of Hypoglycemia 200 1 

University of California at Berkeley, 
Bioengineering 24: "Biocomputing, Bio-Informatics, and Genomics" 
Bioengineering Research Opportunities in Diabetes 

*Received highest evaluation of all course faculty 2001 
Bioengineering 24: "Aspects of Bioengineering" 
Bioengineering Research Opportunities in Diabetes 2004 

Harvard Medical School / Joslin Diabetes Center, Boston 

Longwood Area Diabetes/Metabolism Clinical Conference, 
New Technologies for Measuring Blood Glucose 2002 

Georgia Institute of Technology, Atlanta, 
Bioengineering Seminar: 
New Teclinology for Glucose Monitoring and Sensing 2002 

American Society of Clinical Pathology, Teleconference #2894: 
Emerging assays in diabetes. Headquarters: Chicago, Illinois 2003 

Walter Reed Army Medical Center / USUHS, Washington, DC 
Endocrinology Grand rounds 

New technologies for managing diabetes 2003 
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UC Sail Francisco Endocrinology Grand Rounds 

New Technologies for managing Diabetes 2003 

UC San Diego Endocrinology Grand Rounds 

New Technologies for Managing Diabetes 2003 

Additional presentations at UCSF, Stanford, UC Davis, UCLA, Northwestern, Tnlane, LSU, 
Albert Einstein, UMD New Jersey, and Emory medical schools, at NIH, the FDA, and 
the MIT Department of Chemical Engineering prior to 2000. 

PATENTS 

Sterling B, Hartstein P. Li K, Agostino M, Klonoff D, Gaffiiey R, Zheng P, Gable J, Witte K, 
Smith H, Sheill J, Munrow M, Hall WD, Goldberger D, Fennell MJ, Cortella JM, Braig JR, Rule, P. 
(Patent Application 20030090649/ Reazent-less whole-blood glucose meter. Filed January 21, 
2002. 

Rule P, Braig J, Hartstein P. Smith H, Klonoff D. (Patent Application 20030175806). Method 
and apparatus for improving the accuracy of alternative site analvte concentration measurements. 
Filed November 21, 2002. 
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Abstract: Membrane biofouling and tissue changes in the 
foreign body response are known to cause detrimental re- 
ductions of analyte transport into implanted biosensors. The 
relative contribution of each phenomenon is unknown. Hol- 
low fiber microdialysis probes were employed to assess the 
effect of subcutaneous implantation on glucose flux through 
polymeric membranes in rats over 8 days and to differenti- 
ate the transport effects of biofouling versus tissue changes. 
Three commercially available membranes were examined: 
poly(ether sulfone) (PES), polyacrylonitrile (PAN), and 
polycarbonate (PC). As measured by glucose recovery (the 
ratio of microdialysis glucose to blood glucose concentra- 
tions), transport through PES membranes was significantly 
less on day 2 than day 0 (39% decrease, p < 0.05) whereas 
PAN and PC showed no significant decreases in flux until 
day 8 (42 and 43%, respectively). Application of a transport 



model to glucose recovery data obtained before implanta- 
tion in vivo and after explantation indicated that mass trans- 
port resistances originating from biofouling and tissue com- 
partments increased between days 0 and 8. However, on 
average the biofouling layer adherent to the probe created 
substantially less resistance to glucose transport (12-24% of 
total) than did the tissue that surrounded the probe. These 
results suggested that future material developments for bio- 
sensors should be directed at understanding and modifying 
transport properties of tissues at the implant site. © 2001 
John Wiley & Sons, Inc. J Biomed Mater Res 57: 513-521, 
2001. 

Key words: microdialysis; biosensor membranes; transport; 
biomaterials; biofouling; biocompatibility 



INTRODUCTION 

Implantable devices such as biosensors, immu- 
noisolation chambers, and drug , delivery devices are 
critically dependent on maintaining certain mass 
transport properties over time. 1 Because time- 
dependent interactions between artificial materials 
and biological components are not well understood or 
well controlled, one limitation to developing long- 
lasting in vivo devices is engineering the membrane- 
tissue interface to allow constant analyte diffusion 
through the outer device membrane and surrounding 
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tissue. 2 The majority of the effort in this regard was 
focused on the development of coatings that resist bio- 
fouling, while other approaches emphasized control- 
ling the tissue response through the addition of tissue 
response modifiers (e.g., texturing, growth factors, ste- 
roids). 3 To guide the direction of materials research for 
transport-dependent implanted devices, it would be 
valuable to elucidate the relative importance of bio- 
fouling and encapsulation in limiting analyte trans- 
port into a device. 

The term biofouling refers to the adhesion of pro- 
teins and cells onto a foreign material. Encapsulation 
is used to describe the formation of tissue, typically 
fibrous, that surrounds nondegradable implants. En- 
capsulation tissue forms over days to weeks, whereas 
biofouling can begin to occur immediately upon im- 
plantation. 4 Although Fraser showed that these factors 
play a significant role in the functional degradation of 
several devices, 5 the relative contribution and the tem- 
poral relationship between biofouling and encapsula- 
tion was not characterized. The understanding of this 
relationship guides the focus of future membrane de- 
velopments by addressing the question of whether it is 
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more important to target the development of biofoul- 
ing resistant materials or tissue modifying materials. 

One complication of studying various biosensor 
materials is the difficulty in accurately assigning the 
cause of sensor signal decline to biofouling, inflamma- 
tion, encapsulation, enzyme degradation (or degrada- 
tion of other analyte recognition components), electri- 
cal problems, or other tissue and sensor issues. To 
date, the most suitable methods for studying the trans- 
port effects of the foreign body response to different 
biosensor membranes involved implanting the mem- 
brane without the sensor and subsequently removing 
the membrane or adjacent tissue for analysis. These 
and other methods used to characterize membrane 
biofouling were recently reviewed. 3 Mercado and 
Moussy assessed transport rates through membranes 
in a diffusion chamber before implantation and after 
explantation and showed significant decreases in 
membrane permeability. 6 Sharkawy et al. assessed the 
permeability of the encapsulation tissue around im- 
planted membranes and showed that the transport 
rate of sodium flourescein through excised capsular 
tissue was 25-50% of that through control tissue. 7 Al- 
though both methods allow membrane materials to be 
compared, a drawback of these methods is that the 
membrane-tissue interface can be assessed only after 
sacrificing the animal, thus yielding only a single data 
point. 

Microdialysis allows the continuous measurements 
of the analyte flux over prolonged periods in a single 
animal. It is a diffusion-based separation technique 
that samples interstitial fluid across a semipermeable 
hollow fiber (Fig. I). 8 A perfusion fluid such as Ring- 




Figure 1. The concentric canrmla-style microdialysis 
probe. The probe from top to bottom consists of inlet and 
outlet tubing, two suture ports, a shaft, and a semipermeable 
membrane sealed at one end. A smaller diameter concentric 
tube (an extension of the inflow) extends inside and down 
the length of the shaft and membrane. The enlargement 
shows the longitudinal cross section over which diffusion 
takes place. [Color figure can be viewed in the online issue, 
which is available at www.interscience.wiley.com.] 



er's solution is pumped through the hollow fiber lu- 
men of a microdialysis probe. The perfusion fluid un- 
dergoes diffusional exchange with the interstitial fluid 
external to the membrane. The composition of the out- 
flow fluid (dialysate) reflects the chemical composi- 
tion and the transport properties of the tissue in which 
the microdialysis probe is placed. Two studies are 
known thus far in which microdialysis was used to 
study the effect of outer membrane coatings on pro- 
longing probe performance. 940 

In the current study microdialysis was used to char- 
acterize the foreign body response around three dif- 
ferent materials. Microdialysis probes were used 
rather than actual biosensors to avoid the host of sen- 
sor failure modes that convolute the interpretation of 
declines in the detected analyte signal. In vivo glucose 
flux through microdialysis hollow fiber probes im- 
planted in rat subcutaneous (SC) tissue was measured 
and compared to in vitro flux measurements per- 
formed before implantation and after explantation. In 
order to better characterize the physical properties 
that control flux through the material-tissue interface, 
microdialysis flux data were transformed into calcu- 
lated values of glucose mass transfer resistance for the 
biofouling layer and the surrounding tissue. The re- 
sults indicated that over the course of a 1-weeklong 
implantation, the predominant limiting factor to mass 
transport was tissue rather than biofouling. 



MATERIALS AND METHODS 

In vitro preimplant and postexplant calibration 

Microdialysis probes made of three different membrane 
materials were employed: poly(ether sulfone) (PES, SciPro, 
North Tonawanda, NY), polyacrylonitrile (PAN, BAS, West 
Lafayette, IN), and polycarbonate (PC, CMA/Microdialysis, 
North Chelmsford, MA). All probes were sterilized with eth- 
ylene oxide gas treatment. Each probe was 10 mm long and 
had a molecular weight cutoff of 20 kDa as reported by the 
manufacturers. Glycerol was washed out of the PAN and PC 
probes with ethyl alcohol as instructed by the manufacturer. 
All probes were placed in sterile PBS for 24 h to ensure 
complete hydration of the membranes. Before implantation 
and after explantation, probes were calibrated in a well- 
stirred sterile solution of 5.5 mM glucose in PBS at a flow 
rate of 2.0 ^L/rnin. 



Implantation procedure 

Rats were immobilized and anesthetized with an intraper- 
itoneal injection of 5 mg/kg pentobarbital sodium injection 
(USP, Abbott Laboratories, North Chicago, IL). Three probes 
(one of each membrane type) were implanted percutane- 
ously in the dorsal subcutis in each of 20 male Sprague- 
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Dawley rats. Probes were place 5-7 cm beyond the scapular 
region on either side of the spine in the dorsal subcutis with 
the probe tips pointed toward the tail and the inflow and 
outflow exiting through the skin at the base of the neck. The 
portions of the inflow and outflow exterior to the rat were 
cut to approximately 2.5 cm. Between measurements the 
inflow and outflow were united with a fluid filled connector 
(CMA/Microdialysis) to avoid contamination and evapora- 
tion, and the rat was allowed to move freely. The 1985 Na- 
tional Institute of Health Guidelines for the Care and Use of 
Laboratory Animals were observed, and approval for this 
study was granted by the Duke University Animal Care 
Committee under Protocol A 071-00-02-01. 



In vivo sampling 

Rats were anesthetized during all microdialysate collec- 
tions. Probes were perfused with Ringer's solution at 2.0 
|xL/min with a precision syringe pump (CMA/Micro- 
dialysis) for all measurements. During sampling periods (0, 
2, 5, and 8 days) four 20-min aliquots were collected from 
each probe after a 20-min equilibration period. At the same 
time, corresponding blood samples (50 jxL) were taken from 
the tip of the tail. All samples were analyzed with a YSI 23 A 
glucose meter (YSI, Yellow Springs, OH) or a CMA/600 Mi- 
crodialanalyzer (CMA/Microdialysis). 



Explant procedures 

Histological analysis, scanning electron microscopy 
(SEM), and in vitro recalibration were used to assess the 
wound healing reaction around the probes excised from the 
tissue on the day of implantation and after 8 days. On day 0 
and day 8, five probes of each type were removed and re- 
calibrated using the same methods as the preimplant cali- 
brations. For histology the probes were surgically explanted 
with the adjacent tissue intact. Specimens were fixed in 10% 
buffered formalin, dehydrated, mounted in paraffin, cut into 
6-rnm sections, and stained with Hematoxylin & Eosin and 
Massons Trichrome (n = 5 per material type). Two probes of 
each material type were transferred from the postexplant 
calibration bath and placed in glutaraldehyde in preparation 
for SEM. The SEM samples were subsequently dehydrated 
in ethanol, dried with a critical point dryer, coated with gold 
and palladium, and viewed with a Philips 501 scanning elec- 
tron microscope (Eindhoven, The Netherlands). 



Data analysis 

Transport of glucose through a microdialysis membrane is 
characterized by the fractional recovery (E d ) 



E a =- 



-dialysate ^perfusate 



(1) 



flow, C perfusate is the concentration of glucose in the inflow (0 
mM), and C medium is the concentration of glucose in the 
medium surrounding the probe (5.5mM). 

Because the volume of the glucose solution in vitro was far 
greater than the microdialysis probe volume and because 
the calibration bath was a well-stirred solution, the C medium 
is a constant in vitro. In vivo the C medium is the concentration 
of glucose in the extracellular fluid surrounding the probe 
and is not necessarily constant due to physiological fluctua- 
tions and concentration gradients produced by glucose be- 
ing removed from the tissue by the probe. It is difficult to 
determine C exfcrace i lular , but based on other studies, 11 we 
made the assumption that C extracelIular = C blood in SC tissue (a 
standard assumption in the biosensor community). For in 
vivo conditions Equation (1) simplifies to 



c 

^dialysate 
Q>iood 



(2) 



The E d is usually converted to a percentage and termed per- 
cent recovery or dialysate:blood ratio. Average recoveries 
were calculated for each probe on each day based on the 
four collected samples. The average and standard error of 
the mean for each membrane type on each day was calcu- 
lated from the individual probe averages. Glucose recover- 
ies on different days for different membrane types were 
compared using paired repeated measures analysis of vari- 
ance with a Student-Newman-Keuls multiple comparisons 
post test with significance attributed to p < 0.05. Differences 
between preimplant and postexplant recovery were tested 
for significance using paired t tests. 



Calculation of biofottling and tissue resistances to 
glucose transport 

In order to further characterize the parameters that govern 
glucose transport into an implanted probe, a previously re- 
ported microdialysis transport model was modified and ap- 
plied. As derived from a series of steady-state mass bal- 
ances, Bungay et al. 12 expressed transport into a probe as 
diffusion through a series of mass transfer resistances: the 
environment to the exterior of the probe (R e ), the membrane 
(R m ), and the dialysate (R d ). 



E d -1 exp[- Qd(Rtf + Rm + J, 



(3) 



^medium ^perfusate 

where C dia]ysate is the concentration of glucose in the out- 



where Q d is the known volumetric flow rate and E d is de- 
fined in Equation (l). 12 The R c is the parameter of interest, 
which is characterized as it changes over time because of the 
progression of the wound healing and foreign body reaction. 
The intrinsic resistance of the probe itself, R d + R m , was 
assumed to be constant and can be determined in vitro in a 
well-stirred solution where R e = 0. After deteimining R d + 
R m for each probe, Equation (3) was then applied to in vivo 
recovery values to determine R e . 

To further define the physical parameters that govern dif- 
fusion into the microdialysis probe, the R e may be thought to 
consist of two parts: R b , a biofouling component, and R t , a 
tissue component. The biofouling layer is defined as the 
biological material that adheres directly to the probe and 
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Biofouled probe 



Figure 2. The experimental scheme for differentiating the transport effects of biofouling from the effects of the surrounding 
tissue. A series of three separate experiments with each microdialysis probe was needed to differentiate R b from R t . First a 
brand new probe was calibrated in vitro in a well-stirred solution where R b + R t = 0. From the first in vitro calibration, the 
resistance of the probe itself (R d + R^) was determined and subsequently subtracted from the resistances calculated from the 
second and third recovery experiments. Subtraction of the combined resistances found in the preimplant and postexplant 
recovery experiments directly yielded R b . The R b was subtracted from the combined R b + R t (determined by subtracting 
preimplant resistances from in vivo resistances) to yield R t . 



remains adherent even after removal of the probe from the 
tissue. The R t represents all other tissue components, which 
are not adherent to the membrane, but yet give rise to re- 
sistances through the tissue. Therefore, we may write 



R e = R b + R t/ 



so that 



E d = l-exp 



Q d (R d + R m + R b + R t ). 



(4) 



(5) 



The decrease in recovery between preimplant and postex- 
plant calibrations was directly attributed to the resistance to 
diffusion caused by the adhering biofouling layer. The ex- 
perimental scheme for differentiating R t from R b values is 
shown in Figure 2. Glucose recovery measurements col- 
lected before implantation in vivo and after explanation 
were used to differentiate R t from R b as is shown in Fig- 
ure 2. 



RESULTS 

In vivo glucose recovery 

Figure 3 shows the mean glucose recovery for three 
different membrane types (n = 5) implanted for 8 days 
in rat SC. The PES membranes had the highest initial 
recovery and maintained 54% of their initial glucose 



recovery over the 8 days. The PAN and PC retained 55 
and 58%, respectively, of their initial permeability in 
vivo. The PES had nearly twice the recovery of PC and 
PAN initially, but it was no longer significantly dif- 
ferent from PAN or PC by day 2. All individual probes 
showed a decline in glucose recovery over time; how- 



K 50 

|n 40 

8 2 

3 

£ 20 

f 

JH 

S 10 
0 



DO D2 D5 DS 



DO D2 D5 



DO D2 D5 D8 



Days Implanted and Membrane Type 

Figure 3. The mean in vivo glucose recovery through three 
microdialysis membrane types over 8 days in rat subcutis. 
The dialysate glucose concentrations were compared to 
blood glucose concentrations to the calculate glucose recov- 
ery. The error bars represent standard error of the mean (n 
= 5). (*) Statistically significant differences in comparing the 
recovery on day 0 to all other days for any given material (v 
< 0.05). ( A ) Statistically significant differences in comparing 
the recovery of PES to other materials on a given day (p < 
0.05). There were no significant differences between PC and 
PAN on any given day. 
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ever, the variability of the recovery from probe to 
probe was too large to render the recovery losses in 
PAN or PC significant until day 8 (compared to day 0). 



In vitro preimplant and postexplant calibrations 

The difference between preiinplantation and post- 
explantation in vitro glucose recovery is representative 
of the loss of membrane permeability due to biofoul- 
ing. Figure 4 compares the mean in vitro calibrations 
measured before implantation (white bars) and post- 
explanation (black bars) for acute (DO = 3 h) and 
chronic (D8 = 8 days) implantations. Each bar repre- 
sents the mean of five implanted specimens. For the 
acute implantations the PC and PES probes showed 
downward trends for in vitro recovery, although the 
decreases were insignificant due to variability, 
whereas the PAN probes showed a very small but 
significant increase in recovery on the day of implan- 
tation. For chronic implantations, all probes showed a 
significant decrease in in vitro recovery after explan- 
tation compared with preimplant recovery values. 



Calculation of tissue resistances 

Preimplantation in vivo and postexplantation glu- 
cose recoveries were used to discriminate the mass 
transfer resistances attributed to biofouling and to the 




Days Implanted and Membrane Type 

Figure 4. The mean in vitro glucose recovery through three 
microdialysis membrane types before implantation (white 
bars) and after explantation (black bars). DO, explantation 
and recalibration on day 0 after 3-h implantation time; D8, 
explantation and recalibration after 8 days of implantation. 
The dialysate glucose concentrations were compared to 
standard media glucose concentrations to calculate the glu- 
cose recovery. The error bars represent standard error of the 
mean (n = 5). (*) Statistically significant differences between 
preimplant and postexplant calibations for a given mem- 
brane type on a given day. 



tissue. Before application of the tissue resistance 
model [Equations (3) and (5)], steady-state conditions 
were verified by showing there was no net change in 
glucose recovery over the 40-min collection period 
each day. 

One issue that was evident upon conversion of E d to 
the resistances was that the resulting R values were 
not normally distributed. For this reason the data are 
presented in Figures 5 and 6 as median plus the 75% 
quartile and minus the 25% quartdle. This means 25% 
of the data collected fell between the median (located 
at the top of each individual bar in the bar graphs) and 
the upper quartile bar, and another 25% of the data fell 
between the median and the lower quartile bar. The 
quartile bars are not symmetrical about the median 
because of the logarithmic conversion. 

Figure 5 shows the median R e (=R b + R t ) values as 
calculated by Equation (3) for each membrane type for 
days 0, 2, 5, and 8. The R e increased 3-5 times over the 
implantation time. The resistance seemed to stabilize 
the most by day 8 for PC membranes; however, the 
variability for all membrane types was the greatest on 
day 8, indicating that the body's response to one im- 
plant over 8 days may be substantially different from 
another (even if they are the exact same materials). 
Figure 6 shows median resistances for days 0 and 8 as 
prescribed by Equations (4) and (5) and the scheme in 
Figure 2. The resistances calculated for the surround- 
ing tissue were several times larger than the resis- 
tances calculated for biofouling for all membrane 
types. 



SEM Measurements 

Figure 7 contains scanning electron micrographs of 
explanted PES, PC, and PAN probe surfaces after 3-h 
implantation [Fig. 7(a)-7(c)] and a PC probe surface 
after 8-day implantation [Fig. 7(d)]. Note the open 
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Figure 5. The median and quartiles for R e , the sum of all 
glucose transport resistances outside the microdialysis 
membrane, over 8 days in rat subcutaneous tissue. 
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Figure 6. The median and quartiles for tissue resistances R t 
(gray bars) and biofouling resistances R b (white bars) deter- 
mined by in vitro calibration before and after implantation in 
rat subcutaneous tissue; DO, explanation and recalibration 
on day 0 after 3-h implantation time; D8, explanation and 
recalibration after 8 days of implantation. 

pore structure of the PES membrane surface as op- 
posed to the homogeneous and smooth surface of the 
PC and PAN probes. All probes on day 0 were rela- 
tively free of biological adherents, whereas buildup of 
cellular and fibrous debris was evident on all probe 
types after 8 days. The biofouled PC probe in Figure 
7(d) is a representative example of the probe surface 
appearance after 8 days of implantation. The inset in 
Figure 7(d) is a lower magnification of the same PC 
probe showing the extent of biofouling. 

Histology 

Figure 8 contains cross-sectional photomicrographs 
of PES and PC probes explanted from rat SC tissues 
that were stained with Masson's Trichrome stain. Fig- 
ure 8(a) shows a PES probe after a 3-h implantation 
(day 0), and 8(b) shows the same probe type after 8 
days of implantation. Figure 8(c) shows a PC probe 
after an 8-day implantation. The tissue around all 
membrane types had a similar appearance after 8 
days. Note the porous, asymmetric architecture of the 
PES membrane as opposed to the homogeneous archi- 
tecture of the PC membrane. The arrows in Figure 8(a) 
show the open pores that naturally occurred in the 
interior of the PES membrane. After 8 days these pores 
are filled with cells and biological material. Clearly, no 
debris was present within the PC probe membrane 
after 8 days. Capillaries near the PES probe surface on 
day 0 (arrow head) were absent on day 8 in the PES 
and PC probes. Also, note the significant leukocyte 
accumulation on day 8 for the PES and PC probes. 

DISCUSSION 

The objectives of this study were to use microdialy- 
sis sampling (1) to monitor the changes in glucose flux 
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across a membrane during chronic implantation, (2) to 
compare analyte flux though three different implanted 
membranes types, and (3) to discern the relative influ- 
ences of biofouling and tissue changes on glucose 
transport over time through application of a microdi- 
alysis mass transport model. 

Changes in glucose recovery and mass transfer re- 
sistance to glucose were measured as a function of 
implantation time in rat SC tissue. Mass transfer resis- 
tance is a physical property that describes how long it 
takes a molecule to diffuse through a unit volume of 
matter. Resistance is altered by changes in certain 
physical characteristics of a given compartment, such 
as deposition of a biofouling layer on a membrane or 
tissue remodeling that occurs throughout the progres- 
sion of the foreign body response. Recovery, on the 
other hand, is not a physical property of a system; 
rather, it varies based on experimental conditions such 
as flow rate and probe dimensions. Conversion of re- 
covery to resistance allows the tissue (or other com- 
partments) to be described by a physical constant that 
is directly comparable between various experimental 
setups. For example, PES had a much, higher glucose 
recovery than PC on day 0 (because PES is a more 
permeable membrane than PC as seen from preim- 
plant recovery values in Fig. 4), yet we found that 
tissue resistances on day 0 were essentially equivalent 
for these two membranes. The resistances of the PC 
and PES membranes themselves were very different, 
but the resistances of the tissues in which they were 
inserted were similar. This was not surprising because 
the two different probe types were being inserted into 
the same tissue with the same implantation procedure. 
The difference in R e for PAN on day 0 compared to PC 
and PES was believed to be due to a different amount 
of tissue trauma induced during an alternate insertion 
procedure recommended by the manufacturer. In this 
study the physical changes that occurred during the 
wound healing process were characterized in two dif- 
ferent compartments, the biofouling layer on the 
probe surface (R b ) and the tissue exterior to the probe 
and biofouling layer (R t ). 

Looking first at glucose recoveries in Figure 3, only 
PES probes showed a significant loss in recovery be- 
tween days 0 and 2. Comparing the preimplantation 
and postexplantation calibrations on day 0 in Figure 4, 
we see that even after 3 h in rat SC tissue, none of the 
membrane types showed a significant decrease in re- 
covery. (PAN surprisingly showed a significant in- 
crease.) Scarvning electron micrographs of probes ex- 
planted after 3 h (Fig. 7) showed all material surfaces 
to be relatively free of biological adherents. Compli- 
mentary to the SEM analysis, the histology of probes 
taken on day 0 (Fig. 8) also showed a lack of debris 
adhering to the membrane surface or in the membrane 
interior. Thus, biofouling of the probes within the first 
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Figure 7. Scanning electron micrographs of microdialysis probe membranes after removal from rat subcutaneous tissue and 
calibration in standard glucose media, (a) PES after 3 h in tissue (original magnification x5000). The pores are 1-5 urn in 
diameter; (b) PC after 3 h in tissue (original magnification xSOOO); (c) PAN after 3 h in tissue (original magnification x5000); 
and (d) PES after 8 days in tissue (original magnification x5000). The inset shows the entire width of the probe membrane with 
extensive biofouling (original magnification xl60). After 8 days of implantation, all three membranes had appearances similar 
to (d). (a-c) These differ from unused membrane only in the occasional fragments of adhering biological material. 



day of implantation did not appear to mount a signifi- 
cant barrier to glucose diffusion into the probes. 

In contrast, after 8 days in rat tissue all probe types 
showed significant decreases in glucose recovery (Fig. 
3). Moreover, in vitro tests showed all probes were 
significantly less permeable to glucose after explana- 
tion than they were before implantation (Fig. 4). A 
corresponding buildup of cellular and fibrous debris 
on all probe types was evident from SEM [Fig. 7(d)]. 
The histology of the PES probe on day 8 also revealed 
significant buildup within the membrane structure 
[Fig. 8(b)]. The influx of cells into these pores between 
days 0 and 2 could be the cause of the sharp perme- 
ability loss noted in PES during this time frame (Fig. 
3). The other membranes, which had no visible pores, 
had no cellular migration into the membrane and 



were more stable between days 0 and 2. It is uncertain 
whether the buildup of the biofouling layer was 
gradual and whether this layer would continue to 
change past the 8 days assessed in this study. We 
could also not directly discern from the recovery data 
the individual influence of the biofouling layer versus 
the surrounding tissue without removing the probes 
from the tissue. 

The approximation of glucose mass transfer resis- 
tances provided insight into the relative influences of 
biofouling and tissue on glucose transport through the 
probe membrane. The R t represents the time it takes 
for glucose to diffuse through a unit volume of tissue 
beyond the biofouling layer, and R b represents the 
time needed to penetrate the biofouling layer. Setting 
aside the statistical variance resulting from the loga- 
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Figure 8. The histology of microdialysis probes in rat sub- 
cutaneous tissue after being implanted for various lengths 
time: (a) PES after 3 h (original magnification x60). The ar- 
row points to large open pores within the PES membrane. 
The triangle points to blood vessels that are in close prox- 
imity to the probe surface on day 0 but not day 8. The caret 
( A ) indicates localized bleeding that occurred due to the in- 
sertion procedure (not visible in all histological sections), (b) 
PES after 8 days (original magnification x60). The arrow 
points to cells that have migrated into the PES pores. The 
probe membrane is approximately 40 jxm thick, (c) PC after 
8 days (original magnification x60). The probe membrane is 
approximately 25 urn thick. [Color figure can be viewed in 
the online issue, which is available at www.interscience. 
wiley.com.] 



rithmic transformation, as shown in Figure 6, tissue 
resistances to glucose transport were 3 to 5 times 
higher than biofouling resistances on days 0 and 8. 
Histological evaluations of the probes explanted on 
day 0 and day 8 showed significant differences in the 
character of the tissue surrounding the implanted 
probe. On day 0 the explanted probes were sur- 
rounded by relatively loose connective tissue with 
blood vessels adjacent to the probe surface [Fig. 8(a)]; 
however, on day 8 the tissue surrounding the probe 
was considerably more dense and appeared to be in a 
state of inflammation with a high density of white 
cells [Fig. 8(b,c)]. In combining these observations it is 
reasonable to hypothesize that the tissue on day 8, 
relative to day 0, possessed decreased interstitial 
space, decreased vascular proximity, and increased 
cellular metabolic consumption, all of which would 
lead to an increase in resistance to transport of glucose 
to the membrane surface. 

In sum, microdialysis combined with transport 
modeling of biofouling and tissue resistances was 
used as a novel method to test analyte transport 
though biomaterials. Microdialysis complements his- 
tological techniques by adding real-time information 
about the chemical environment in which the bioma- 
terial resides without having to excise tissue or the 
material. In the present study only glucose was moni- 
tored; however, the microdialysate contained a multi- 
tude of analytes such as metabolites, purines, and ions 
that could be potentially useful in assessing the mem- 
brane-tissue interactions and the progression of the 
foreign body response. The microdialysis technique 
can be used to assess the tissue reaction to any semi- 
permeable material as long as it can be produced in 
the form of or coated on a hollow fiber. However, 
microdialysis is not without its problems. Typically, 
we observed a 30% probe failure rate in vivo over 8 
days, as well as a high probe-to-probe and point-to- 
point variability at various insertion locations. Not 
surprisingly, this variability also plagues the SC glu- 
cose sensor community. 13 



CONCLUSIONS 

The method proposed here allows glucose transport 
through a membrane to be monitored in vivo without 
dependence on sensor components. Biofouling of the 
surface and tissue changes in the surrounding tissue 
that lead to increased resistances contributed to the 
decreased in vivo glucose transport. All of the three 
tested membranes (PAN, PES, and PC) showed sig- 
nificant declines in glucose flux over 8 days in rat SC 
tissue. Although PES showed a significantly higher 
initial recovery, there was no significant difference be- 
tween the various membrane types by the day 8. Un- 
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derstandirig the relative contribution of biofouling 
and tissue resistance on analyte flux through im- 
planted membranes is important for targeted devel- 
opment of more biocompatible membranes that main- 
tain constant transport. Tissue effects had 3-5 times 
the impact on resistance to glucose transport than did 
biofouling; therefore, new materials being developed 
for biosensors or other membrane containing devices 
would be most successful if they were able to modu- 
late the tissue response and not just the biofouling 
response. Microdialysis provides a quantitative 
method to analyze the tissue response to different bio- 
sensor membranes. This technique will expedite the 
development of functional, implantable device mate- 
rials. Our data showed that focusing on developing 
materials to modify the tissue response will be more 
fruitful than focusing on nonstick, protein repellent 
surfaces. 

Thanks to Ashley Palmer and Dr. Alan Proia for histology 
assistance and Leslie Eibest for SEM assistance. 
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